We describe standardization of an enzyme-linked immunosorbent assay (ELISA) for measuring immunoglobulin G1 (IgG1) and IgG2 concentrations of antibodies to pneumococcal capsular polysaccharide (Pnc PS). The ELISA uses a human pneumococcal reference serum pool, lot 89-SF, as a reference. IgG1 and IgG2 concentrations were assigned to antibodies to Pnc PS serotypes 3, 6B, 14, 19F, and 23F in 89-SF by ELISA using affinity-purified monoisotypic IgG1 and IgG2 preparations. The sum of IgG1 and IgG2 concentrations in 89-SF agrees well with the previously assigned IgG concentrations. The IgG1 and IgG2 values in 89-SF were used to measure antibodies to Pnc PS 6B, 14, and 23F in adult pre-and postimmunization sera and the sum of IgG1 and IgG2 concentrations correlated well with the IgG values. Furthermore, the IgG2/IgG1 ratio did not affect the detection of IgG1, the isotype usually represented by a lower concentration.
Streptococcus pneumoniae is an important cause of respiratory infections and serious invasive diseases (6, 8, 13) . It is known that antibodies to capsular polysaccharides (PS) of pneumococci provide protection against disease, and pneumococcal vaccines are developed to induce antibodies to PS. However, PS vaccines are not immunogenic in infants, and thus new saccharide-protein conjugate vaccines with improved immunogenicity are under evaluation (11) .
Immunoglobulin G (IgG) subclass determinations are important for many reasons. Vaccination with plain PS such as pneumococcal PS (Pnc PS) elicits antibodies that are restricted to the rare IgG2 subclass in humans (3, 7, 22, 27) , whereas antibodies to proteins are predominantly IgG1 (18, 25) . Several studies have suggested that saccharide-protein conjugate vaccines can also induce antibodies of the IgG1 subclass (15, 23, 24) , which is typical for responses to T-cell-dependent antigens. To study T-cell dependency of the response to conjugate vaccines, it would thus be informative to measure subclass responses as well. Furthermore, functional differences between subclasses (2, 5) and thus determination of IgG subclasses help to evaluate functional activity of antibodies to capsular PS. However, several reports show that it is not clear whether a particular IgG subclass is necessary for defense against encapsulated bacteria or if all subclasses provide equivalent levels of protection (12, 14, 28) . Moreover, quantification of IgG subclass concentration is important in the diagnosis of individuals with specific antibody deficiencies (16) .
Standardization of solid-phase methods for determination of subclass composition of antibodies has been difficult because properly standardized isotype-specific reagents and a standard serum with assigned weight-based units of different subclasses have been missing. IgG subclasses of antibodies measured by solid-phase methods have usually been expressed as enzyme immunoassay units of test sera at a specific optical density (OD) as compared to a standard serum. However, enzyme immunoassay units are not comparable except within well planned experiments because different subclass-specific second antibodies can have different affinities for the first antibody, leading to under-or overestimation of subclasses (25) . Several methods have been used for quantitation of immunoglobulin isotypes, including measurement of concentrations of isotypes after purification of specific antibody (26) or measurement of specific antibody after physical separation of immunoglobulin isotypes (4) . Myeloma proteins attached to plastic surfaces have been used as standards (10, 18, 20) , but this method gives erroneously high results because of partial unavailability of epitopes (17) . Moreover, purified isotype fractions have served as standards in solid-phase methods in which the affinity differences between different reagents have been corrected by coefficients (25, 26) . Calibration of human reference sera can also be done by heterologous interpolation of the specific antibody response with dose-response curves generated with heterologous engineered human-mouse chimeric antibody (9) .
An approach for measuring IgG subclass concentrations of anti-Pnc PS antibodies by an enzyme-linked immunosorbent assay (ELISA) is presented here. Comparison of ELISA results could be facilitated by using an international reference serum. Therefore, determination of anti-Pnc PS IgG1 and IgG2 antibody concentrations in a pneumococcal reference serum, lot 89-SF (21), allows interlaboratory standardization of subclass assays. Furthermore, it allows comparison of subclasses within a serotype and between serotypes. Finally, the IgG1 and IgG2 values of anti-Pnc PS 3, 6B, 14, 19F, and 23F present in reference serum 89-SF (21) determined in this study were used to quantitate IgG1 and IgG2 concentrations of antibodies to Pnc PS types 6B, 14, and 23F in sera of healthy adults after vaccination with the 23-valent polysaccharide vaccine or with one of the four conjugate vaccines. The sum of IgG1 and IgG2 concentrations was compared with the IgG values determined by a standard IgG ELISA.
MATERIALS AND METHODS

Sera.
Pneumococcal reference serum lot 89-SF is a pool of postvaccination adult sera. It was provided by Carl Frasch, CBER, Food and Drug Administration, Bethesda, Md. IgG antibody concentrations to Pnc PS in the reference serum have been previously described (21) . (19) , and 12 of them received PncD (Connaught Laboratories Inc., Swiftwater, N.Y.) (19) . Sera were stored at Ϫ20°C until tested.
Monoclonal antibodies against human IgG subclasses. Mouse monoclonal antibodies to human IgG1 (clone HP6070) and IgG2 (clone HP6002) were purchased from Zymed Laboratories, Inc. (San Francisco, Calif.). The ascitic fluids containing antibodies to IgG1 (HP6070, 2C7), IgG2 (1E4), IgG3 (2F5), and IgG4 (IC2) were from I. Seppälä (HUCH Diagnostics, Helsinki, Finland).
Separation of IgG subclasses from human IgG by protein A-Sepharose chromatography. The separation of IgG subclasses from human IgG is summarized in Fig. 1 . Two columns (5 mm by 21 cm) of protein A-Sepharose (Pharmacia Fine Chemicals, Uppsala, Sweden) were set in tandem and washed with 0.1 M sodium citrate buffer (pH 7.0) overnight. Eighty milligrams of a human immunoglobulin infusion substance known to contain anti-Pnc PS antibodies (Sandoglobulin; protein, 96% IgG; Sandoz, Sa Bale, Switzerland), filtered and neutralized with 1/10 volume of 1 M Tris-HCl (pH 7.6), was applied. Columns were washed with 0.1 M sodium citrate buffer (pH 7.0) until the first protein peak had appeared. A linear pH gradient from 0.1 M sodium citrate (pH 7.0) to 0.1 M sodium citrate (pH 3.0), monitored at 277 nm with high-performance liquid chromatography equipment (LKB, Bromma, Sweden), was then applied. Fractions were analyzed for protein content and, after neutralization with 1 M Tris-HCl (pH 8.3), for the distribution of IgG subclasses by ELISA ( Fig. 2A) . A Pnc PS type 6B ELISA was used for IgG2 and a tetanus toxoid (Tt) ELISA was used for IgG1 because it is known that anti-Pnc PS 6B antibodies are mainly of the IgG2 subclass and anti-Tt antibodies are mainly of the IgG1 subclass (3, 7, 21, 24, 26) . Fractions with a higher ELISA activity of IgG1 than of IgG2 (fractions 45 to 48 in Fig. 2A ) were pooled for further purification; this IgG1-enriched preparation was then applied to an anti-IgG2 column (see below) for fractionation of IgG1 and IgG2.
Purification of IgG1 and IgG2 preparations by anti-IgG2 affinity chromatography. IgG1 and IgG2 preparations were derived from the IgG1-enriched preparation from protein A-Sepharose chromatography (Fig. 1) . A mouse monoclonal antibody specific for an epitope common to human IgG2 and IgG4 (1E4) was used for affinity purification of IgG1 and IgG2 preparations. A total of 79.7 mg of the ascitic fluid, after ultracentrifugation at 178,000 ϫ g for 20 min for removal of lipoproteins, was coupled to cyanogen bromide-activated Sepharose 4B (Pharmacia Biotech, Uppsala, Sweden) as described in the instructions of the manufacturer with a final matrix volume of 1.5 ml. A volume of 330 l (protein, 5 mg) of protein A-Sepharose IgG1-enriched preparation was applied to the column. Fall-through fractions containing unbound IgG1 were collected by using phosphate-buffered saline (PBS). IgG2 was eluted by 0.1 M glycine-HCl (pH 4.0 to 3.0). Fractions were analyzed for protein content and pH and neutralized as described above. The purity of IgG1 and IgG2 in the affinity chromatography fractions (Fig. 2B ) was analyzed by ELISA as described above. The mainly IgG1 and mainly IgG2 fractions were first pooled to create an IgG1 preparation (fractions 4 to 19) and an IgG2 preparation (fractions 26 to 31), respectively. Then, anti-Pnc PS antibodies in these preparations were analyzed for monoisotypic purity by IgG subclass (IgG1 to -4) ELISA (see below).
ELISA for anti-Pnc PS IgG antibodies. A standard ELISA was performed as described earlier by Käyhty et al. (11) with one exception: a different conjugate, an alkaline-phosphate conjugated anti-human IgG (Sigma Immuno Chemicals, St. Louis, Mo.), was used.
ELISA for Pnc PS IgG subclass antibodies. An ELISA specific for IgG subclasses was a four-layer modification of the ELISA described earlier by Käyhty et al. (11) . Microtiter plates (MaxiSorp; Nunc, Roskilde, Denmark) were coated with Pnc PS (American Type Culture Collection, Rockville, Md.) as described earlier (11) . A microtiter plate coated with pneumococcal C-polysaccharide (CPS; Statens Seruminstitut, Copenhagen, Denmark) in PBS (CPS, 1 g/ml) was included in each assay to ensure the efficacy of CPS neutralization. Sera were first diluted 1:100 in 10% fetal bovine serum in PBS (10% FBS) containing 10 g of CPS per ml, and, after 30 min of incubation at room temperature, threefold dilutions were made. Microtiter plates were incubated sequentially with mouse monoclonal antibodies to human IgG subclasses for 2 h at 37°C, with alkalinephosphatase conjugated rabbit anti-mouse antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove, Pa.) at 22°C overnight, and with p-nitrophenyl phosphate (Sigma Diagnostics, St. Louis, Mo.) for 30 min at 37°C.
FIG. 1.
Steps in purification of monoisotypic IgG1 and IgG2 preparations and determination of IgG1 and IgG2 anti-Pnc PS in pneumococcal reference serum 89-SF. Those steps marked with a superscript "a" were followed by determination of IgG1 titer to Tt and IgG2 titer to Pnc PS 6B (Fig. 2) and subsequent pooling of the fractions into subclass preparations. The anti-Pnc PS IgG1 and IgG2 concentrations were calculated by using the subclass-specific concentrations in the pneumococcal reference serum 89-SF (Food and Drug Administration, Bethesda, Md.) (21) determined in this study (Fig. 1) . The results are given in micrograms per milliliter. The lower detection limits were 0.08, 0.06, 0.08, 0.20, and 0.06 g/ml for IgG1 and 0.14, 0.18, 0.26, 0.20, and 0.18 g/ml for IgG2 in assays of Pnc PS types 3, 6B, 14, 19F, and 23F, respectively. Half the concentration of the lower limit of detection was used in cases where the concentration remained below the detection limit. The interassay variation was monitored by running two in-house control serum samples on every plate. The coefficients of variance (CV) were 13.5 and 18.1% for PS 3 (n ϭ 8), 13. To analyze the monoisotypic purity of Pnc PS antibodies in the IgG1 and IgG2 preparations, the IgG and IgG1 to -4 antibody titers to Pnc PS 3, 6B, 14, 19F, and 23F in the preparations were determined in ELISAs specific for IgG and IgG1 to -4. Serial dilutions starting at 1:2 were done in 10% FBS containing 20 g of CPS per ml for all assays. The end point titers were assigned as a reciprocal of the dilution that gave an OD of 0.3.
ELISA for Tt IgG1 antibodies. Because IgG1 is a minor isotype in PS antibodies and is the predominant isotype in antibodies to proteins, we monitored the success in purifying the IgG1 fraction in chromatography by a Tt-specific ELISA. Tt (National Public Health Institute, Helsinki, Finland) in PBS (15 lf [limit of flocculation]/ml) was used for coating microtiter plates (Greiner, Frickenhausen, Germany) by incubation for 2 h at 37 or 4°C overnight. After six washes with saline plus 0.02% Tween 20 and 0.9% NaCl, samples diluted in 10% FBS were added to microtiter plates. The samples were incubated for 2 h at room temperature, after which the plates were washed as described above. Mouse anti-human IgG1 (HP6070) was diluted in 10% FBS and incubated for 1 h at room temperature. The plates were washed as described above, a substrate, 4-nitrophenylphosphate (1 mg/ml) in 0.02 M diethanolamine buffer (pH 10.0), containing 1 mM MgCl 2 , was added, and the plates were incubated for 30 min. The A 405 was measured by an ELISA reader (Multiscan; Labsystems, Helsinki, Finland).
Statistical methods. The correlation coefficients were calculated with the Excel 7.0 program by using log-transformed data.
RESULTS AND DISCUSSION
Isotypic purity of the IgG1 and IgG2 preparations. The aim of this study was to determine IgG1 and IgG2 concentrations of antibodies to pneumococcal serotypes in the internationally used pneumococcal reference serum pool lot 89-SF (21). In our approach, an IgG preparation known to contain antibodies to Pnc PS was fractionated into IgG1 and IgG2 preparations and then Pnc PS antibodies were determined (Fig. 1) . The IgG1 and the IgG2 preparations were therefore run in ELISAs specific for IgG, IgG1, IgG2, IgG3, and IgG4 antibodies to Pnc PS types 3, 6B, 14, 19F, and 23F. To estimate the monoisotypic purity of the preparations, we compared titers of IgG1, IgG2, IgG3, and IgG4. Because different second antibodies can have different affinities and thus the titers of different subclasses cannot be directly compared, we used correction coefficients to correct the bias. The corrected titers obtained this way (Table  1 ) are comparable to each other regardless of the subclass because they are relative to the IgG reagent. The IgG and IgG1 to -4 curves and determination of the titers are illustrated in Fig. 3 . The curve of the specific subclass titers was usually nearly identical to the curve of IgG titers. When the IgG1 preparation was titrated with anti-IgG and anti-IgG1 to -IgG4 antibodies, it was found that the titer of IgG1 was 1.25 times higher than the titer of IgG (mean of IgG1 determinations, all serotypes) and thus the IgG1 second antibody was 1.25 times more efficient in binding the first antibody than the IgG second antibody was. The titer of IgG1 (data not shown) was then divided by 1.25, the coefficient, to obtain the corrected titer (Table 1) . It was easy to calculate the coefficient for IgG1 because no contaminating IgG2 to IgG4 antibodies were detected in the IgG1 preparation. Only antibodies to PS 19F had contaminating IgG4 with a low titer of 1. Because IgG4 did not yet have a coefficient, we made an assumption that the coefficient for IgG4 was 1. A titer of 1 for IgG4 obtained in this way had to be subtracted from the titer of anti-PS 19F IgG before calculation of the IgG1/IgG ratio. Thereafter, the coefficient for IgG2 was calculated. Because the IgG2 preparation was less pure than the IgG1 preparation, the IgG1, IgG3, and IgG4 titers had to be subtracted from the titer of IgG before calculation of the IgG2/IgG ratio. The correction coefficient for the IgG2 antibody was calculated to be 0.76 (mean of IgG2 determinations, all serotypes). A coefficient of 0.76 was then used to convert the titer of IgG2 (data not shown) to a corrected titer (Table 1 ). This calculation was based on the assumption that the coefficients for IgG3 and IgG4 were 1. In previous studies (23, 25) , a higher detection efficiency was found for the IgG3 and IgG4 reagents than for the IgG1 reagent. This implies that the contamination by IgG3 or IgG4 antibodies cannot be seriously underestimated; more likely, it is slightly overestimated. The IgG1 and IgG2 data do not lose their validity because of this small uncertainty. After summing up the corrected titers of all subclasses, we found the mean contamination to be 3% in the IgG1 preparation and 10% in the IgG2 preparation (Table  1) . Based on this, we conclude that these preparations were pure enough to be used with good accuracy as monoisotypic references. a The purity of the preparations was determined as a proportion of the titer of the specific subclass from the sum of the titers of IgG1 to -4 subclasses. b Proportion of the specific subclass (IgG1 or IgG2) from the sum of titers of IgG1 to -4 (mean of all Pnc PS types).
Assignment of IgG1 and IgG2 concentrations of Pnc PS
antibodies to the reference serum 89-SF. The monoisotypic preparations were then used as references in an ELISA to assign IgG1 and IgG2 concentrations of Pnc PS-specific antibodies in reference serum 89-SF. First, a standard ELISA was used in three or four separate experiments to measure the IgG concentration of antibodies to Pnc PS 3, 6B, 14, 19F, and 23F in the affinity-purified IgG1 and IgG2 preparations, and the mean values were equated with concentrations of IgG1 and IgG2 anti-Pnc PS present in the monoisotypic IgG1 and IgG2 preparations, respectively. Second, because of the limited supply of the IgG1 and IgG2 preparations, they were used as references in an IgG subclass-specific ELISA to determine the IgG1 and IgG2 Pnc PS concentrations in reference serum 89-SF (21) . Again, each test was run at least three times and the means were assigned as the IgG subclass-specific concentrations (Table 2) . CV for values assigned on different days usually remained below 20% (n ϭ 3 to 4). The sum of IgG1 and IgG2 concentrations was consistent with the previously determined (21) IgG concentration to the same serotype and was 66 to 91% of the IgG concentration to serotypes 3, 6B, 14, 19F, and 23F (Table 2) . Moreover, the IgG concentration determined earlier (21) may also contain IgG3 and IgG4 antibodies to Pnc PS that were not measured in the present study. Comparison of the IgG subclass-specific assay to the IgGspecific assay. Adult pre-and postimmunization sera (27a) were quantitated for anti-Pnc PS 6B, 14, and 23F IgG1 and IgG2 concentrations by the IgG subclass-specific ELISA using the pneumococcal reference serum 89-SF as a reference with the anti-Pnc PS IgG1 and IgG2 values determined in this study ( Table 2 ). The same sera were quantitated for IgG concentration by a standard ELISA using the pneumococcal serum pool 89-SF as a reference with the anti-Pnc PS IgG values determined earlier (21) . The correlation between independently determined IgG concentrations and the sum of IgG1 and IgG2 concentrations measured by the IgG subclass-specific ELISA was determined. Correlation coefficients were 0.75, 0.84, and 0.80 for the preimmunization sera (n ϭ 46) and 0.94, 0.96, and 0.95 for the postimmunization sera (n ϭ 46) for anti-Pnc PS 6B, 14, and 23F, respectively (Fig. 4) . Furthermore, a good correlation was observed for both IgG1-predominating (IgG2/IgG1, Յ1) and IgG2-predominating (IgG2/ IgG1, Ͼ1) sera (r ϭ 0.96, n ϭ 19 and r ϭ 0.93, n ϭ 257, respectively; all serotypes together) when both all prevaccination and all postvaccination sera were combined. This suggests that there is no bias between the IgG assay and the IgG subclass assay and furthermore confirms that the IgG1 and IgG2 concentrations determined for 89-SF were reliably assigned.
Isotypic competition for binding to antigen. We wanted to determine whether competition for antigen binding sites between IgG subclasses affects the isotype-specific results. The effect of excess IgG2 on the measurement of IgG1, the minor subclass in anti-PS IgG antibodies, was analyzed by mixing various amounts of an adult serum containing 22.77 g of IgG2 antibodies and 0.04 g of IgG1 antibodies, each per ml, to Pnc PS 14 (IgG2-predominating serum) and an adult serum containing 5.28 g of IgG2 antibodies and 14.04 g of IgG1 antibodies, each per ml, to Pnc PS 14 (IgG1-predominating serum) to produce the different IgG2/IgG1 ratios described in Table 3 . Similar experiments were also performed with antiPnc PS IgG1-and IgG2-predominating sera for antigens 6B, 19F, and 23F. Suitable anti-Pnc PS 3-containing sera were not available. No inhibition of IgG1 binding to the antigen by IgG2 was found. Sera having an IgG2/IgG1 ratio between approximately 10 (range, 9.5 to 10.3) and 100 (range, 98.1 to 100.5) gave identical results in the IgG subclass ELISA specific for IgG1 (Table 3) . As a result, the IgG subclass ELISA is not affected by competition for antigen binding sites between IgG subclasses, probably because PS antigens contain repetitive epitopes that offer multiple binding sites for antibodies. Therefore, values for IgG1, a rare subclass in antibodies to PS, were not underestimated.
In conclusion, we have determined the IgG1 and IgG2 antiPnc PS concentrations in the pneumococcal reference serum. The standardized IgG subclass-specific ELISA correlated well with the standard IgG ELISA for the respective Pnc PS. These determinations can be used to measure IgG subclass concentrations of antibodies to Pnc PS. a Increasing amounts of IgG2-predominating adult sera were added to IgG1-predominating adult sera to produce the IgG2/IgG1 ratios described.
b No excess serum IgG2 present. Results are the IgG1 anti-Pnc PS concentrations in the IgG1-predominating serum.
